• Free radical mechanisms of Pt radiosensitizers • Oxaliplatin has a different radiosensitizing mechanism than cisplatin, carboplatin, or nedaplatin • Oxaliplatin can form a synergistic π complex with 5-fluorouracil in FOLFOX regimes which is more potent under acidic conditions • Optimization of Pt drug administration schedules may be possible by understanding the molecular mechanisms of radiosensitization.
Introduction
Radiation therapy is a technique often used in the treatment of cancer, particularly when the tumour is confined to a certain area in the body that can be physically targeted. [1] The mechanism of radiation therapy is effective as a treatment for cancer, as it damages the DNA or genes that are responsible for the replication or growth of cells. The radiation can interfere with the some of the five specific phases of normal cellular and cancer cell replication: (1) G0 phase, the normal resting state, (2) G1 phase, RNA and proteins are produced in preparation for cell division, (3) S phase, DNA is produced in preparation for cell division, (4) G2 phase, cell structurally prepares to divide, (5) M phase, mitosis occurs as the cell splits in half to form two identical cells. The biological target of radiation in the cell is DNA. Radiation can directly cause DNA damage and cell death by the direct absorption of radiation into DNA, or cause the formation of free radicals from ionization of intracellular water molecules particularly those within the DNA environment. Theses free radicals can cause DNA damage and cell death. Modern radiation techniques allow vary accurately targeted precise doses to be delivered within the body. [2] Radiation efficacy is cell-cycle specific. Accumulation of cells in the G2 and M phases are the most radiosensitive phases and in the S phase is the most radioresistant phase. However, platinating agents are generally thought to be cell-cycle independent. [3, 4] Radiation generates high concentrations of molecular free radicals, hydrated electrons (eaq -), hydrogen atoms (H•) and hydroxyl radicals (HO•) in irradiated tissues and from water molecules. Under aerobic conditions, hydrated electrons react with O2 to produce the superoxide radical anion (O2• -). However, hydrated electrons can initiate reductive activation of drugs under hypoxic conditions. [5] [6] [7] Radiosensitizers are molecular targets that possess the capacity to induce intrinsic radiosensitization within the radiation field. Experimental evidence shows that the majority of cytotoxic drugs widely used in clinical oncology are radiosensitizers. [8] Radiosensitization by chemotherapeutic drugs is thought to involve several factors including an increase in DNA damage, inhibition of DNA repair processes, diminution of the apoptosis threshold, and perturbation of the cell cycle such that cells remain in the sensitive phases for a longer periods. [9, 10] The most common radiosensitizers cisplatin, 5FU and taxanes have inherent cytotoxic activity and can increase damage to normal tissues, and a 'true' benefit is achieved only if the increase in antitumor effect is larger than the normal tissue damage. The microenvironment of the tumour cell is a crucial factor because increased interstitial pressure may cause hypoperfusion, hypoxia and acidosis, while cancer-related anemia contributes to local hypoxia (the transcription factor, hypoxia-inducible factor 1, HIF1 is a marker of tumour hypoxia). Hypoxic cells are 2.5-3.0 times less radiation-sensitive than normoxic cells. Oxygen is needed to generate reactive oxygen species, ROS, and other radicals with radiation. ROS are thought to be essential to the cytotoxic effect from radiation. Oxygen is the definitive hypoxic cell radiosensitizer, the large differential radiosensitivity of oxic vs hypoxic cells being the critical factor. [3] Radiotherapy is free radical therapy. Chemical radiosensitizers involve short-lived free radicals intermediates in the complex pathways leading ultimately to cell kill after radiation treatment. Electron-affinic chemicals that react with DNA free radicals have the potential for universal activity to combat hypoxia-associated radioresistance. The radioprotective role of thiols also implicates a key role for free radicals in radiosensitizers. [11] Oxaliplatin (eloxatin) a third generation Pt drug, is used to treat bowel cancer (colorectal cancer), food pipe cancer (oesophageal cancer) and stomach cancer. It is typically administered with folinic acid and 5-fluorouracil (5FU) in a combination known as FOLFOX. Oxaliplatin results in longer survival times in metastatic colorectal cancer patients in combination with 5FU) than with 5FU alone. Like other platinum compounds, its cytotoxicity is thought to mainly result from inhibition of DNA synthesis in cells. In particular, oxaliplatin forms both inter-and intra-strand Pt-DNA adduct cross links, which prevent DNA replication and transcription, causing cell death. Oxaliplatin regulates the cell cycle by arrest of cells in the G2, M and S phases, induces apoptosis and p53 independent cell death. Oxaliplatin adducts are not repaired by the same DNA mismatch repair systems as other platinum adducts, and so has been found to have activity in cisplatin-and carboplatin-resistant cells. [12a] The differences in efficacy and molecular mechanisms of platinum based anti-cancer drugs cisplatin and oxaliplatin have been hypothesized to be in part due to the differential binding affinity of cellular and damage recognition proteins to cisplatin and oxaliplatin adducts formed on adjacent guanines in genomic DNA. The constraints imposed by the cyclohexane ring of oxaliplatin affect the DNA conformations explored by {oxaliplatin-GG} adduct compared to those of {cisplatin-GG} adduct, and have been shown to adversely affect the binding affinity of cellular and damage recognition proteins of the {oxaliplatin-GG} adduct.
[12b]
Cisplatin and carboplatin, first and second generation Pt drugs, have also been used in radiotherapy, often in combination with various other drugs and radiosensitizers. Nedaplatin, approved in Japan, has a similar clinical spectrum to cisplatin and carboplatin, but with comparatively little nephrotoxicity, and also acts as a radiosensitizer. Cisplatin forms both inter-and intrastrand DNA adducts that produce single-strand breaks when removed by DNA mismatch repair processes. These single-strand breaks can be converted to lethal doublestrand breaks by radiation. Thus, mismatch repair defective cells are not radiosensitized by cisplatin and carboplatin. Patients treated with concurrent cisplatin-based chemoradiotherapy have longer survival times than for those treated with radiotherapy alone in cervical cancer, head and neck cancer, non-small cell lung cancer (NSCLC), and esophageal cancer. [13] 5FU is a key part of most treatment protocols currently in use for locally advanced and metastatic colorectal cancers. [14] 5FU is a pyrimidine analog, antimetabolite drug that inhibits the biosynthesis of deoxyribonucleotides for DNA replication. The metabolites of 5FU inhibit thymidylate synthase activity, which leads to thymidine depletion, deoxyuridine triphosphate misincorporation into DNA and cell death. [15] 5Fu is used as a radiosensitizer in the clinic, and its effectiveness is based on its ability to synergistically enhance 5FU's intrinsic abilities to inhibit the repair of DNA double-strand breaks, as well as cause double-strand breaks during the S phase of the cell cycle. However, 5FU is particularly toxic to dividing tissues, and its clinical use is limited by its severe side effects on normal cells. [16, 17] 5FU may also act as a free radical scavenger in the body, possibly indicative of the mechanism by which it acts as a radiosensitizer. [18] 5FU is known to act as a synergistic radiosensitizer with oxaliplatin. In a study of radiosensitizing effects of oxaliplatin and 5-fluorouracil (5FU) in a human colon cancer cell line, radiosensitization was observed in the following order: oxaliplatin >/5FU 24 h >/5FU 1 h exposure. The degree of potentiation corresponded to approximately 0.8 Gy, 0.7 Gy, and 0.2 Gy, respectively. Synergistic effects were observed when 5FU and oxaliplatin were combined, regardless of the 5FU schedule. Oxaliplatin was a better radiosensitizer than 5FU, and longer incubation time with 5FU was better than short exposure times. Adding both oxaliplatin and 5FU to radiation significantly enhanced the radiopotentiating effect as compared with addition of oxaliplatin or 5FU alone. [19] Oxaliplatin has been shown to cause an arrest in the G2/M phase when cells are most vulnerable to irradiation. [20, 21] Chemotherapy regimes containing oxaliplatin, such as FOLFOX (oxaliplatin, 5-fluorouracil (5FU) and folinic acid) and XELOX (oxaliplatin and capecitabine, an oral prodrug of 5FU) are the standard adjuvant therapies for advanced colon cancer. For locally-advanced rectal cancer, preoperative 5FU or capecitabine with radiotherapy is recognized as the standard therapy because of the decreased local recurrence rate and improved survival. [22] Cisplatin mediated radiation is active in both hypoxic and oxic cells, and it is thought that radiation produces free radicals that forms reactive Pt(I) species that increase cytotoxicity. Irradiated hypoxic solutions of cisplatin were more toxic than unirradiated solutions. [23] The most synergistic combination of cisplatin and radiation involves low doses of each, either of which would be insufficient to cause cell death if administered alone. [24] The interaction between cisplatin and radiation is thought to involve: (1) enhanced formation and binding of toxic platinum intermediates in the presence of radiation-induced free radicals, (2) the capacity of cisplatin to scavenge free electrons formed by the interaction between radiation and DNA (3) a radiation-induced increase in cellular cisplatin uptake, (4) a synergistic effect because of cell-cycle disruption, and (5) the inhibition of repair of radiation-induced DNA lesions. [24, [25] [26] [27] [28] It has been suggested that synergy is mainly due to factor 5 [24] , and not due to any physical interaction between the modalities.
The radiosensitizing properties of oxaliplatin have not been extensively studied, but in vitro and experimental tumour data suggest a similar synergy with radiation to that shown by cisplatin. Oxaliplatin acts as a radiosensitizer in vivo. [29] Importantly for the treatment of colorectal cancers, of which about half exhibit mutations in TP53, the radiosensitization effects of oxaliplatin are independent of TP53 mutation status. [30] At least one mechanism of radiosensitization by oxaliplatin involves induction of apoptosis. Exposure to oxaliplatin leads to significantly higher levels of apoptosis than does exposure to cisplatin. [31] A study in cervical cancer cells grown in vitro showed increased apoptosis following exposure to oxaliplatin combined with ionizing radiation. [32] . A critical element of the effectiveness of radiochemotherapies is how DNA is affected by radiation. Exposure of DNA to high energy radiation results in a variety of physical and chemical changes in DNA including strand breakage, mutation, and DNA damage. High energy radiation can randomly directly ionize or excite DNA components (base, sugar, and phosphate backbone). The surrounding water molecules which are an integral part of the DNA structure can also be ionized to give water radical cations that deprotonate to the hydroxyl radical, which can indirectly cause DNA damage. In the cell nucleus where the concentration of DNA is very high, direct DNA damage is thought to account for 50-60% of the DNA damage. Holes (radical cations) produced quickly shed excess energy and result in ground state cation radicals with electron loss. Secondary electrons with kinetic energy are produced in large quantities, some causing DNA breaks, others being captured by the pyrimidines bases (thymine (T) and cytosine (C)) to form DNA radical anions. Holes produced during the initial ionizing event in DNA mostly transfer electrons to the nucleobase with the lowest ionization potential. Guanine (G) has the lowest ionization potentials of the four DNA bases, and as a consequence guanine becomes the locus for hole trapping in DNA. Oxidatively induced hole transfers involve the loss of an electron from the highest occupied molecular orbital (HOMO), whereas the reductive electron transfer process involves acceptance of an electron into the lowest unoccupied molecular orbital (LUMO). [33, 34] Changes in the oxidation state of the DNA bases, induced by oxidation (ionization) or by reduction (electron capture), have large effects on the acidity or basicity, respectively, of the molecules. Since in DNA every base is connected to its complementary base in the other strand, any change of the electric charge status of a base in one DNA strand that accompanies its oxidation or reduction may affect also the other strand via proton transfer across the hydrogen bonds in the base pairs. The free energies for electron transfer to or from a base can be drastically altered by the proton transfer processes that accompany the electron transfer reactions. Electron-transfer (ET) induced proton transfer sensitizes the base opposite to the ET-damaged base to redox damage, i.e., damage produced by separation of charge (ionization) has an increased change of being trapped in a base pair. Of the two types of base pair in DNA, A-T and C-G, the latter is more sensitive to both oxidative and reductive processes than the former. Proton transfer induced by ET does not only occur between the heteroatoms (O and N) of the base pairs (intra-pair proton transfer), but also to and from adjacent water molecules in the hydration shell of DNA (extra-pair proton transfer). These proton transfers can involve carbon and as such are likely to be irreversible. It is the A-T pair which appears to be particularly prone to such irreversible reactions. [35] These processes are now encompassed within the wider proton coupled electron transfer (PCET) reaction mechanism, which broadly can be divided into simultaneous or sequential (stepwise) processes. PCET processes can also be subdivided into collinear or orthogonal (bidirectional) categories, where the former describes proton and electron transfer to the same acceptor site, and the latter where proton and electron transfer occur to two different acceptor sites. [33] Electron transfer processes that do not involve external radiation sources also occur normally in the body. These are normal redox processes including oxidative stress, homeostasis, GSH/GSSG, NAD + /NADH couples, respiration, photosynthesis etc. Recently we have examined the dissociative electron transfer (DET) mechanism in cisplatin and carboplatin, which is energetically favoured over the commonly accepted nucleophilic hydrolysis mechanism for the activation of these drugs to form Pt-DNA adducts. It was noted that the DET mechanism did not occur with oxaliplatin. [36] Free radicals may be implicated in some cancer formation, cancer inducing environmental toxins, etc. Antioxidants or free radical scavengers may have some anti-cancer properties. [37, 38] .
A critical issue in effectiveness of drugs and radiosensitizers against tumours is the preferable delivery of these agents to tumour sites rather than to normal tissue, since these agents usually have cytotoxic effects with all cells. The critical factors involved include: (1) delivery processes, IV, bolus etc, (2) metabolic transformation of these agents in the blood stream, including hydrolysis, pH factors, reactions with blood proteins, blood cells etc, (3) transport across the cell membranes of tumour cells or normal cells, where there is evidence that irradiation can enhance the cellular permeability of certain drugs (4) tumour specific factors such as hypoxia, lower pH, enhanced permeability and retention, (5) the active form of the agent within the tumour cell, and (6) likely interactions with DNA or non-DNA targets.
The object of this study is to examine the mechanisms by which platinum drugs, particularly oxaliplatin, synergistically interact with radiation, other radiosensitizers, and adjuvant drugs such as 5FU. Processes (4-6) above will be examined in detail.
Results
We have recently shown that a free radical DET mechanism is energetically favoured over a nucleophilic substitution reaction in forming Pt-DNA adducts for cisplatin and carboplatin. However this appeared not to be so for oxaliplatin. [36] Since there is evidence that radiosensitizers such as the Pt drugs may involve a free radical mechanism in forming Pt-DNA adducts when irradiated, it may be that oxaliplatin exhibits a different mechanism when forming Pt-DNA adducts, with and without radiation.
The electron affinity of radiosensitizers is known to be a key factor in their efficacy, particularly in the environment of DNA (including nearby water molecules) sensitized by direct and indirect radiation. [42, 43] A measure of the electron affinity of a sensitizer is the ability to accept an hydrated electron such that the sensitizer is activated by undergoing adiabatic structural changes. We have previously [36] shown that the anion radicals of cisplatin and carboplatin undergo significant elongation of the Pt-Cl and Pt-O bonds respectively, so activating these molecules towards a DET mechanism when forming Pt-Guanine DNA adducts. Notably oxaliplatin does not show such equivalent behaviour despite having an adiabatic electron affinity (AEA) value in water of 2.4eV similar to those of cisplatin 2.8eV and carboplatin 2.6eV. [36] This observation appears to be related to the observations of Tippayamontri 2011 [40] where oxaliplatin was trapped in the cytoplasm, and not incorporated into Pt-DNA adducts.
Further investigation in this study reveals that oxaliplatin can accept a second electron, AEA 1.8eV, without significant structural changes, very different from the behaviours of cisplatin and carboplatin. This behaviour is due to the cyclic bidentate Pt(oxalate) moiety, which is very stable but can accommodate electrons without large structural distortion. The HOMO for both the anionic and dianionic species is largely localised on the Pt atom. This property should make oxaliplatin a more potent radiation sensitizer than cisplatin and carboplatin, which is consistent with experimental observations. [30, 31, 32, 40, 44, 45] An examination of the AEA of nedaplatin 2.4eV in water was made to understand why the bidentate Pt-oxalate shows such unusual behaviour. The anion radical of nedaplatin showed similar properties as that of carboplatin, in that an elongation of the Pt----O-C(O)-occurred, indicating that the unique feature of oxaliplatin is the high degree of electron density delocalized over the bidentate Pt-oxalate ring, which is not possible with carboplatin and nedaplatin.
If the DET mechanism does not occur with oxaliplatin when it forms adducts with DNA, then is the mechanism a cytosolic hydrolysis involving the replacement of one arm of the oxalate ligand with a water molecule, followed by another water molecule substitution to give the DACHPt(H 2 O) 2 ++ species (where DACH is the 1,2-cyclohexanediamine-N,N ligand)? The first step hydrolysis reaction, which is favoured in acid conditions, has an activation energy of ca. 22 kcal/mol (in a neutral solution the activation energy is 28kcal/mol). It is thought that the monoaquated complex is the species reacting with DNA. [48] The ring-opening step is reversible and at neutral pH, the closing step (k -1 ) is much faster than the opening step. This makes the oxaliplatin solution semi-stable at pH around 7. The acid dissociation constant of the oxalato monodentate intermediate was determined to 7.23. This means that at physiological pH less than 1% of oxaliplatin will be in the shape of the monodentate intermediate. [49] The plasma ultrafiltrate from cancer patients, contains the biotransformation products with chloride, methionine and glutathione. [50] It has been reported that the rate constant for the DACHPt(H2O)2++ species reacting with sperm DNA to give the DACHPt(H2O)-DNA adduct is 300 times slower than the equivalent reaction with cisplatin, which is consistent with the lower reactivity of oxaliplatin found experimentally. [51] While these in vitro laboratory data can be indicative of the mechanism, conditions in solid tumours may be quite different, and acid and hypoxic environments are dominant. The AEA for the TS is 3.5eV. A higher AEA is a measure of how more easily a molecule accepts electrons, and it is noted that neutral oxaliplatin has a AEA of 2.4eV similar to those of cisplatin 2.8eV and carboplatin 2.6eV in water. [36] The free energy of electron attachment to the TS shown in Figure 1 Complexes with water, chloride, glutathione, and methionine have been found in plasma ultrafiltrate from patients treated with oxaliplatin. [49] To test the ubiquity of this stepwise PCET mechanism, the reaction of Clion with the protonated oxaliplatin was examined. The TS is shown in Figure 2 , and is very similar to that of the explicit water solvated TS shown in 
The mechanism of how radiosensitizers can interact with other radiosensitizers can be critical in the clinic, particularly if the effects are antagonistic or synergistic, and so altering dose protocols. It is clear from the literature that there is no consensus on how radiosentizers work. However from first principles, the electron affinity of the sensitizers is a first order starting point, particularly since free radicals are produced from DNA directly or from secondary electrons from DNA lesions or from the radiolysis of water in the DNA environment producing hydroxyl radicals. All other interactions follow from this starting point, including DNA repair mechanisms, apoptosis signalling etc. This basis presupposes that sufficient concentrations of the sensitizers can accumulate in the cell and nucleus (there is evidence that radiation can increase cellular uptake of Pt and other radiosensitizers [26] ). A possible basis of synergistic interactions amongst Pt drugs, adjuvant drugs and radiation is some coupling interaction of Pt drugs to adjuvant drugs, such as between 5FU and oxaliplatin in FOLFOX and radiation therapy.
5-Fluorouracil (5FU) is a known radiosensitizer, used widely in the clinic. Its AEA in water is calculated to be 2.3eV, which can be compared to those of cisplatin 2.8eV, carboplatin 2.6eV, and oxaliplatin 2.4eV, protonated oxaliplatin 3.3eV in water. It is noted that the experimental gas phase AEA of 5FU is between 0.3-0.5eV [54] compared to the calculated value in this study of 0.4eV. The difference between the gas and water AEA indicates that water solvation is very important in stabilizing the anion radicals. These AEA values in water can be used as first order indicators of the radiosensitizing ability of various drugs.
The ability of 5FU to act as a synergistic radiosensitizer with oxaliplatin could depend on the difference in AEA between the two drugs. The ability of 5FU to scavenge electrons may arise from water ionization within the DNA environment (possibly via electron transfer from DNA nucleobases) to form a transient 5FU anion radical, which can then undergo dissociative electron attachment to form uracil-5-yl radicals and Fions or F• radicals. These species could then react with oxaliplatin. Conversely oxaliplatin, particularly when protonated, is a very good electron scavenger compared to 5FU.
Alternatively, internal electron transfer from a 5FU-oxaliplatin complex could occur to accelerate the formation of Pt-DNA adducts. The closer the AEA gaps between the 5FU and oxaliplatin, the easier these processes can occur. It is difficult to conceive of mechanisms that involve the entirely separate interactions of 5FU and oxaliplatin with their respective targets that are somehow synergized when administered together, though it has been suggested that because radiotherapy and chemotherapy target different phases of the cell cycle they may combine to produce additive effects. [3] . A plausible alternative mechanism involves some physical interaction between 5FU and oxaliplatin that is more activated by free radicals than each agent being separately activated, so the 5FU-oxalplatin complex is a superior radiosensitizer than either 5FU or oxaliplatin.
Since the localized HOMO of 5FU resides on the O atom of the C2 carbonyl group in water, this site suggests a likely bonding interaction with oxaliplatin. Starting from this structure, it was found that optimized complex {5FU-oxaliplatin}•is an edge to face π complex, shown in 
Discussion
The results in this study indicate that the free radical mechanism of the radiosensitizing ability of cisplatin, carboplatin and nedaplatin are fundamentally different from that of oxaliplatin. Oxaliplatin undergoes a nucleophilic (eg water, Cl -, RSH, guanine species) assisted electron transfer (ie reductive) ring opening of the protonated Pt-oxalate ring, which appears to be a general mechanism, (labelled as NAPCET) which should apply to other suitable nucleophiles in the cytosol. Since the environment in solid tumours is usually hypoxic and acidic, the issue arises whether these conditions should be conducive to the NAPCET mechanism under irradiated conditions. It is clear that acidic conditions favour this mechanism.
Since it was shown above that oxaliplatin can undergo a facile NAPCET reaction with nucleophiles such as water, Cl -, thiols or guanine, then 5FU can also act as a nucleophile in this process. Protonation of one of the Pt-O linkages, followed by electron attachment gives a π complex {5FU-oxaliplatin}very similar in structure to that shown in Figure 4 for the {5FUoxaliplatin(H + )}• complex. The 5FU plane is orthogonal to the oxaliplatin(H + ) plane, and the distances between Pt-O FU and Pt-N FU are 4.1Å and 3.6Å are effectively the same for the {5FU-oxaliplatin}•and {5FU-oxaliplatin(H + )}• complexes. The AEA for the latter complex is about 2.5-2.6eV compared to the 2.9eV AEA for the former complex. The delocalised HOMO largely resides on the 5FU moiety and the LUMO largely on the oxalate ligand in both complexes. So any synergistic effect for the irradiation of 5FU and oxaliplatin combination therapies is predicted to be less in acidic conditions, than in near neutral conditions.
Folinic acid is able to modulate the antineoplastic effect of 5-fluorouracil by promoting the formation and stabilization of the ternary complex formed between Fd-UMP (2deoxyfluorouridine monophosphate, a metabolite of 5FU) and thymidylate synthetase. In this way, folinic acid produces a synergistic effect on 5-fluorouracil therapy.
[60]
The pKa values of folinic acid are 3.5 and 4.5 for the carboxylic acids groups. Partial decomposition occurs at pH 2.8-3.0, and the drug is more stable at neutral or alkaline pH. At mildly acidic conditions, folinic acid, in a FOLFOX-radiation therapy regime, may play a role in activating a NAPCET process with oxaliplatin and 5FU, possibly by a synergistic interaction if the conditions are acidic.
Since cisplatin is used with 5FU in radiation therapy, an examination of possible interactive complexation between cisplatin and 5FU was undertaken. It was found that cisplatin and 5FU form a π complex {5FU-cisplatin}•which shows a 5FU plane face on to the cisplatin plane but tilted at ca. 99 o to a line from the Pt-O-C 2 of 5FU with the 5FU located over the two N atoms of the cisplatin moiety. The Pt-O-C 2 distance is 4.2Å. The delocalised HOMO is located on the 5FU and the LUMO on the cisplatin moiety. The AEA of the complex in water is 2.4eV, which compares to the AEA of cisplatin 2.9eV and 5FU 2.3eV separately. This data suggests that there is little or no synergistic radiosensitizing effect due to complexation when cisplatin and 5FU are combined in radiochemotherapy (although there may a small activation of the 5FU moiety), This appears to be in accord with experimental findings for colorectal carcinomas. [39] Cisplatin is the optimal radiosensitizer for cervical cancers, carboplatin is active, and oxaliplatin is less active as a sensitizer than either cisplatin or carboplatin.
Oxaliplatin is the optimal sensitizer for colorectal cancers. Cisplatin and oxaliplatin are equally effective against gastric cancers, cisplatin is the optimal radiosensitizer against head and neck cancers, and cisplatin (usually with 5FU) is the optimal radiosensitizer against esophageal cancer. [61, 62] In general, hypoxic cells in low oxygen tension regions are more resistant to treatment with radiotherapy and require a two-to three-fold higher radiation dose, indicating the importance of radiation sensitizers. Under aerobic conditions, hydrated electrons react with O2 to produce the superoxide radical anion (O2• -). However, hydrated electrons can initiate reductive activation of drugs under hypoxic conditions. [5] On the surface, hypoxic tumours would not favour the production of O2•but favour reductive activation of drugs. [63.64] From the results in this study, it appears very likely that a NAPCET mechanism could be induced in oxaliplatin by reductive activation of hydrated electrons directly as a result of radiation. It is known that radiation tracks along DNA can cause clustered damage sites of pyrimidine and purine lesions, as well as single and double strand breaks that are a signature of ionising radiation in contrast with isolated, endogenously induced lesions, which tend to be homogeneously distributed. The loss of an electron (ionization) from DNA after irradiation generates an electron "hole" (a radical cation), located most often on its nucleobases, that migrates reversibly through duplex DNA by hopping until it is trapped in an irreversible chemical reaction. Of the four common DNA nucleobases G, C, A, and T, guanine is the most reactive. Electron affinic radiosensitizers can conjugate with free radicals formed at the DNA bases (in a similar fashion to oxygen) inducing strand breaks and modified base lesions. [5, 42, 65, 66] In summary an hypoxic tumour environment does not necessarily mean that a free radical based NAPCET mechanism cannot be a significant activator of oxaliplatin within an irradiated hydrated DNA environment.
An alternative mechanism to the NACPET process could involve the reaction of oxaliplatin with a hydrogen radical H•, formed by the radiolysis of intracellular water molecules, particularly those intimately surrounding the target DNA. It is known that radiolytic yields of gamma γ radiation and secondary accelerated electrons (0.1-10 MeV) from pH 3 to 11 are 0. [67] These data suggest that hydrated electrons would have greater reactivity with oxiplatin than hydrogen radicals in an aqueous environment. The H• radical is an electrophilic hydrogen radical [68] , so a S H 2 type radical mechanism should shows similar properties to the corresponding electrophilic attachment of a proton to the Pt-O bond as envisaged for the NAPCET mechanism. S H 2 radical mechanism at a Pt centre have been previously described for the cis-{PtR 2 (PR 3 ) 2 } + C 6 H 5 S• or tBuO• system (where R is an alkyl group). [69] The attachment of a H• to oxaliplatin at the O atom of the Pt-O bond (via a S H 2 mechanism) gives a TS that is equivalent to the NAPCET reaction, i.e. protonation of the O atom of the Pt-O, followed by an electron attachment. Based on the radiolytic yields and reducing ability of hydrated electrons and hydrogen radicals, the S H 2 mechanism is predicted to be a minor component in the activation of oxaliplatin to form DNA adducts compared to the NAPCET activation mechanism or concomitantly acting as a radiosensitizer.
In a human colorectal carcinoma HCT116 implanted nude mice study of the combined radiotherapy and oxaliplatin (and its liposomal formulation Lipoxal) it was found that the administering schedules had large effects on the efficacy of the treatment. Since DNA is considered the main target for radiosensitizing activity leading to cancer cell death, the variability of platinum in the tumour, tumoural DNA, and in normal tissues and blood was measured as a function of time. Apoptotic cell death after varying radiation times appeared to be related to maximum levels of oxaliplatin-DNA adducts. The results were consistent with a "true" or "physical" synergism between radiation and platinum molecules bound to the DNA, rather than a concomitant biologic effects. [39] Such variability has negative implications for establishing and administering schedules in the clinic.
It was also shown that oxaliplatin (and Lipoxal) were more effective than cisplatin after a longer (compared to a shorter exposure where the opposite was found) exposure time in HCT116 cells. The concentration of free cisplatin had to be about 8-fold higher than that of oxaliplatin to reach similar accumulations in DNA and lead to the same level of cancer cell toxicity. [40] Usually DNA mismatch repair (MMR) deficient colorectal cancer cells, such as the HCT116 cells, are more sensitive to oxaliplatin than cisplatin. The oxaliplatin DNAadducts are apparently not recognized or processed by the MMR system in the same way as cisplatin DNA-adducts. [12a,12b,41] Lipoxal accumulated faster in the cytoplasm than free oxaliplatin as expected, but the nearly all the released oxaliplatin was trapped in the cytoplasm, and not incorporated into Pt-DNA adducts. Various views were thought to account for this finding, including that the liposomal distribution of oxaliplatin differs from that of cisplatin, or non-DNA targets are involved, or oxaliplatin reacts with different sensitive targets in the cytoplasm. [40] In dilute aqueous solution it was found that 60 Co gamma irradiation of cisplatin-modified DNA significantly increased in the yields of single strand and double strand breaks, mainly due to the indirect formation of HO• or e aq -, with the former species mainly producing single strand breaks, and the latter mainly forming double strand breaks. [44, 45] It is known that hydrated electrons cannot induce DNA strand breaks in unmodified DNA. [46, 47] When used in combination with radiation, Pt drugs increase the number of lethal double strand breaks in DNA. Synergy may be due to Pt drug inhibition of radiation induced DNA repair involved in the recovery from sub-lethal damage. Other synergistic mechanisms include enhanced formation of toxic intermediates through free radical formation, the ability of Pt drugs to act as free radical scavengers of secondary electron formed by the interaction of radiation with DNA that would otherwise fixate repairable damage to DNA, alteration of pharmacokinetics, radiation induced increased cellular uptake of drugs, inhibition of DNA lesion repair. [52] Radiotherapy with Pt drugs always almost involves combination with other drugs: cisplatin with 5FU, paclitaxel, tirapazamine, cetuximab, carboplatin with 5FU and paclitaxel, oxaliplatin with 5FU. A quantitative approach to synergy uses a "combination index" (CI) to quantitatively depict synergy (CI < 1), additive effect (CI = 1), and antagonism (CI > 1) . This approach views synergy as a reaction, operating on physiochemical massaction laws, but does not involve any molecular insight. [53] In vitro studies have shown that the most effective combinations of cisplatin and radiation occur at lower doses of the two agents, a true synergy effect. It is clear that synergy amongst Pt drugs, adjuvant drugs and radiation is not well understood or predictable.
Conclusions
It has been shown that oxaliplatin undergoes a basically different activation mechanism to cisplatin, carboplatin and nedaplatin when subject to free radical attack prior to platinating reactions with DNA and other targets during anti-cancer treatments. These activation mechanisms, in water within the DNA environment where a nucleobase such as guanine (G) is nearby, are: These agents constitute the FOLFOX regime. Equations 6, 7 and 8 have been labelled as a nucleophilic assisted proton coupled electron transfer (NAPCET) mechanism. Equation 9 is a hydrogen radical reaction (S H 2) with oxaliplatin, and equation 10 is the reaction of the radical oxaliplatin species with a nucleobase such as guanine G.
As these platinating agents are known to act as radiosensitizers when used in radiochemotherapy, these mechanisms are likely to be the basis of their radiosensitizing ability. These electron attachment and consequent induced changes to their molecular structure processes are extremely facile compared to alternative non-radical (eg hydrolysis nucleophilic) mechanisms previously used to explain how these platinating agents are activated to form the DNA adducts required for primary anti-cancer efficacy.
Elucidation of the mechanisms of radiosensitizers have a bearing on the clinical conditions under which Pt based chemotherapy is coupled with radiation therapy, particularly when adjuvant and neoadjuvant regimes are coupled with combined chemotherapy combinations, such as FOLFOX and related regimes. Synergistic interactions with the platinating agent and other adjuvant drugs such as 5FU could be tailored and optimized. Maintenance of a slightly acidic environment is needed to optimize efficacy in FOLFOX chemotherapy and radiochemotherapy. By contrast cisplatin plus 5FU radiochemotherapy regimes should not require acidic conditions to obtain some radiosensitizing synergism which might be a useful differentiator compared to FOLFOX regimes for treating certain types of cancers.
It is noteworthy that oxaliplatin by itself has little efficacy against colorectal cancers. [70] This observation is consistent with the prediction that a NAPCET mechanism would be superior in activating oxaliplatin to form Pt-DNA adducts than a nucleophilic hydrolysis mechanism. It is known that cancerous cells in tumours have a reversed pH gradient to normal cells in that the pH extracellular is usually more acidic than the pH intracellular which tends to be more neutral and even basic. [71] Hence intracellular levels of oxaliplatin may not have significant levels of the protonated form, whereas FOLFOX combinations should have higher intracellular levels of protonated oxaliplatin by virtue of reaction with folinic acid.
The first order basis for the synergism between oxaliplatin and 5FU in radiochemotherapy is the formation of a π complex between oxaliplatin and 5FU which shows an enhanced adiabatic electron affinity over that of the separate agents, and consequently the π complex is a better radiosensitizer than the separate agents. The synergism is greater in acidic conditions when the 5FU forms a complex with the protonated oxaliplatin. Cisplatin also forms a π complex with 5FU but there is little or no calculated synergistic effect which was consistent with clinical radiochemotherapeutical findings. If the formation π complexes are indeed critical to synergistic radiochemotherapy in FOLFOX protocols in the clinic, the previously observed time dependence of this synergism [40] To test if the B3LYP functional was giving realistic geometries where the adiabatic anionic species formed by electron attachment resulted in elongation of the Pt-Cl and Pt-O bonds, the CAM-B3LYP long range corrected version of B3LYP was also examined. This functional uses a Coulomb attenuating method to correct for dispersion since the non-Coulomb part of exchange functionals typically die off rapidly and becomes inaccurate at large distances. [82] Long range corrected functionals which typically use 100% Hartree-Fock exchange in the long range and a lesser amount in the short range tend to give too localised descriptions. CAM-B3LYP interpolates between 19% non-local exchange in the short range limit and 65% in the long range limit, and has been found to give a small but significant improvement over the B3LYP for excited states and charge transfer properties, including anionic species and transition metal compounds, and reaction barriers. Ionization potentials and bond lengths were comparable between the two functionals. Similarly, the LC-wPBE functional (0-100% HF exchange) has been shown to give very accurate results for a broad range of molecular properties including thermochemistry, reaction barrier heights, and particularly long range charge transfer. The wB97XD functional is a long range corrected hybrid with damped dispersion correction which gives good results with non-covalent and covalent systems. These functionals have been shown to give quite accurate results when compared to experimental data. [83, [84] [85] [86] [87] [88] [89] [90] [91] It was found in this study that the attachment of an electron to cisplatin in water gave essentially very similar geometries for the radicals using the B3LYP/6-311 + G**(6d, 7f) functional as the CAM-B3LYP functional using the same SDD ECP and 6-311 + G**(6d, 7f) basis set, or the LC-wPBE/6-311 + G**(6d, 7f) functional, or the HF/6-311 + G**(6d, 7f) functional, or the B3LYP/cc-pVTZ functional, or the wB97XD/6-311 + G**(6d, 7f) functional. Similarly the geometries for the nedaplatin radical (with Pt---O bond elongation) calculated with the B3LYP/6-311 + G**(6d, 7f), wB97XD/6-311 + G**(6d, 7f) and CAM-B3LYP/6-311 + G**(6d, 7f) functional were very similar with elongated Pt----O bonds. However radical species formed from oxaliplatin were slightly dependent on the functionals used: the CAM-B3LYP/6-311 + G**(6d, 7f), LC-wPBE/6-311 + G**(6d, 7f), the HF/6-311 + G**(6d, 7f), the dispersion corrected wB97XD/6-311 + G**(6d, 7f), and the B3LYP/aug-cc-pVDZ functionals the B3LYP/cc-pVTZ functionals gave one slightly elongated Pt-O bond length in the anion radical species of 14%, 13%, 12%, 16%, 18% and 18% respectively (over that of the non-elongated Pt-O bond) compared to that of the B3LYP/6-311 + G**(6d, 7f) functional where there was no such elongation of the Pt-O bonds. These data suggest a small dependency of the choice of functional/basis set combination, but this small dependency is much less than the Pt----Cl and Pt----O bond elongations found in the radical anions formed from cisplatin, carboplatin and nedaplatin which were 94%, 78% and 74% respectively compared to the neutral species with the B3LYP/6-311 + G**(6d, 7f) functional. It is known that resonance delocalization which can occur with oxaliplatin in the Pt-oxalato ring moiety (but not cisplatin, carboplatin or nedaplatin) can introduce larger than usual errors in many functionals. [86] This conclusion is consistent with the observation that attaching an electron to the protonated oxaliplatin (such that the resultant Pt-O(H + )-disrupts electron delocalization of the resonance structure of the Pt-oxalato ring structure) gives virtually the same geometry for the radical ion with the CAM-B3LYP/6-311 + G**(6d, 7f) functional as for the B3LYP/6-311 + G**(6d, 7f) functional. Similarly, resonance interaction is not possible in nedaplatin because of the methylene group in the hydroxyacetato ligand attached to Pt, and consequently Pt----O bond elongation occurs on electron attachment: 73% elongation calculated using the CAM-B3LYP/6-311 + G**(6d, 7f) functional, 66% using wB97XD/6-311 + G**(6d, 7f) functional and 74% using the B3LYP/6-311 + G**(6d, 7f) functional. A recent comprehensive comparison of the accuracy of various DFT functionals in predicting the geometry of cisplatin has found that the LC-wPBE followed by the wB97XD or CAM-B3LYP were the most accurate functionals. [89] The optimized structure of the edge to face π complex of {oxalplatin-Fu} showed a very similar geometry with the dispersion corrected wB97XD/6-311 + G**(6d, 7f) functional compared to the B3LYP/6-311 + G**(6d, 7f) functional with most significant change being a slightly greater separation between the oxaliplatin and the FU, Pt-O increasing to 3.15Å from 3.0Å, and the Pt-N1 FU distance increasing to 3.9Å from 3.75Å. The locations of the HOMO (mainly on the Pt and oxaliplatin) and LUMO (on the FU) were the same with both functionals. Similarly the attachment of an electron to the {oxalplatin-Fu} π complex using the wB97XD functional gave a very similar structure to that from the B3LYP functional, with the major difference being that the FU is slightly closer to the oxaliplatin moiety: 3.4Å compared to 3.6Å for the N1 FU ---Pt distance. The ΔG electronattach in water is -73kcal/mol for the B3LYP functional, and -65kcal/mol for the wB97XD functional, which are effectively equivalent within experimental error. It appears that dispersion effects are not greatly influencing structural parameters for these π complexes.
AIE, AEA: Adiabatic ionization energy and electron affinity in eV were calculated from the SCF difference method as AIE = E(M + ) -E(M) and AEA = E(M)-E(M -) at the optimised geometry of M + or Min water. VIE and VEA are the vertical ionization energy and vertical electron affinity values were calculated from the optimised geometry of M in water. Charged structures were confirmed as optimised energy minima by ensuring there were no negative frequencies.
To test the accuracy of the computational method, Me 2 Pt(PMe 3 ) 3 and Me 2 Pt(NMe 2 CH 2 CH 2 NMe 3 ) had calculated gas IE of 7.3 and 7.2eV which can be compared with the NIST literature experimental values 7.2eV and 7.0eV, indicating the computational model gives accurate results. The gas experimental PE spectroscopy AEA 5-FU value 0.3-0.5eV compares well with the value of 0.4eV found in this study. [54] It has been shown that the B3LYP functional gives accurate electron affinities when tested against a large range of molecules, atoms, ions and radicals with an absolute maximum error of 0.2 eV. [87] Electron affinities calculated using CAM-B3LYP, wB97XD and LC-wPBE functional were within 0.1 eV of the B3LYP values in this study.
Solvation energies are calculated using the SMD -Polarizable Continuum Model (IEFPCM), Unified Force Field, scaled van der Waals surface cavity. [79] Solvation (free) energies are the differences between the energies of the optimised structure in the water phase and the same structure without solvation (gas phase). The accuracy of the chosen solvation energy model has been tested by comparing the differences in solvation energies in water between cis-and trans-(H 2 O) 2 PtCl 2 which is -1.0 kcal/mol compared to the experimental value of -0.1 kcal/mol [80] , and within the mean unsigned error of 0.6 -1.0 kcal/mol in the solvation free energies of tested neutrals, and 4 kcal/mol on average for ions for the SMD solvent method (Marenich 2009 ). It has been found that the B3LYP / 6.31G+* combination gives reasonably accurate PCM and SMD solvation energies for some highly polar polyfunctional molecules, which are not further improved using higher level basis sets [81] Adding diffuse functions to the 6-311 + G** basis set had no significant effect on the solvation energies with a difference of less than 1% observed, which is within the literature error range for the IEFPCM/SMD solvent model. Where an explicit water molecule was added to oxaliplatin in a PCM/SMD continuum solvation model, as indicated in the text, there was no significant change in oxaliplatin geometry using the B3LYP/6-311 + G**(6d, 7f) functional. The Pt----OH 2 interaction length was 5.1 Å. However when comparing this explicitly solvated oxaliplatin using the B3LYP/6-311 + G**(6d, 7f) functional with the CAM-B3LYP/6-311 + G**(6d, 7f) functional, there was a change in the Pt----OH 2 interaction length (5.1 to 4.1 Å) and a slight elongation of one Pt-O bond compared to the other of 14%. These data indicate that adding an explicit solvated water molecule has no detectable effect on the geometry of oxaliplatin compared to just a PCM/SMD solvation model (other than the above observation that a CAM-B3LYP/6-311 + G**(6d, 7f) functional is more accurate than a B3LYP/6-311 + G**(6d, 7f) functional for these cases).
Free energy ΔG and configurational entropy TΔS values (at 298.15K) were derived from vibrational thermochemistry analysis. Transition states were confirmed by identifying the singular negative vibration that related to stretching of Pt-Cl or Pt-O bonds. The highest occupied molecular orbital HOMO and the lowest unoccupied MO LUMO were localised NBO MOs, except where delocalised MOs were used for describing the π complexes.
The free energy for the attachment of an electron, -ΔG electronattach , in the gas phase at 350K to a variety of transition metal (M) complexes M(acac) 3 3 value in the gas phase at 350K using the B3LYP/6-311 + G**(6d, 7f) functional with the SDD
